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Symbols

c1 first radiation constant, 3.7415 x 10716 W/rn2
ca second radiation constant, 1.43879 x 1072 m-K
Ce heat capacity of the ceramic insulator, J/kg-K
Ce mole fraction of atomic air

Cm heat capacity of the metal specimen, J/kg-K
C composition, atom percent

Co initial composition, atom percent

Cs surface composition, atom percent

diffusion coefficient, cm? /sec
f compositional broadening spectrum, counts/sec-deg

instrumental plus sample-defect broadening spectrum, counts/sec-deg

hg specific enthalpy of recombination, J/kg

hge specific free-stream enthalpy, J/kg

K. thermal conductivity of the ceramic insulator, W/cm-K
l depth, cm

L. thickness of the ceramic insulator, m

L thickness of the metal specimen, m

My mass of atomic air, g

M, Planck’s radiation function, W/m?-um

Py incident power, counts/sec

Pse stagnation pressure, atin

Gaero aerodynamic heating, W/m?

qc convection component of aerodynamic heating, W/m?

deond heat loss by conduction, W/m?

ap potential heating due to recombination of gaseous atoms, W/m2

Grad heat loss by radiation, W/ m?

Q linear reflectivity, cm™!

R universal gas constant, 8.31441 J/mole-K

8 compositional plus instrumental and sample-defect broadening spectrum,
counts/sec-deg

Sc Schmidt number

t time, sec

T temperature, K

To initial temperature, K

Ty wall temperature at the stagnation point
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3 velocity gradient in boundary layer, sec™!

y catalytic efficiency

d-spacing, A

bo d-spacing of the surface composition

€T total hemispherical emittance

€) spectral emittance

Kp Lagrange multiplier for background constraint

K Lagrange multiplier for smoothing constraint

A wavelength

i linear absorption coefficient, ¢cim~1

e viscosity of gases at the stagnation point in the boundary layer. g/cm-sec
Pe density of the ceramic insulator, g/cmn3

P density of the metal specimen, g/cm?®

e density of gases at the stagnation point in the boundary layer, g/cm?3
Pw density of gases at the specimen surface, g/cm3

P spectral reflectance

a Stefan-Boltzmann constant, 5.6697 x 1078 W /m?-K4

a Prandtl number

v background compositional broadening spectrum constraint

Py recombination factor

v modified diffracted power, counts/sec/deg

iv




Summary

Emittance, catalytic efficiency, and dynamic oxi-
dation resistance were determined for Ti-14Al-21Nb
exposed to simulated hypersonic flight conditions at
a surface temperature of 982°C for up to 8 hr. The
emittance was low before testing (about 0.3), but
high after testing (0.85 to 0.89). Catalytic efficien-
cies were high, which means that during exposure to
hypersonic conditions Ti-14A1-21Nb will experience
a large amount of heating due to recombination of
gaseous atoms at the surface. Oxides that formed on
the surface spalled readily, beginning with the first
exposure cycle. Oxygen diffusion into the base metal
was observed. The solubility limit of oxygen in the
base metal was estimated to be 12.5 atom percent,

and the diffusion coefficient for oxygen in the base

metal was 0.0234 cm?/sec exp(—‘mo90 ?ngIe_K>

between 704°C and 982°C (where R is the univer-
sal gas constant and T is the absolute temperature).
The oxide was composed of several layers of different
color but similar composition: TiOg, AlpOgs, TiN,
and TizOs were identified by X-ray diffraction.

Introduction

Ti-14A1-21Nb is a purportedly ductile modifi-
cation of the titanium aluminide TizAl; titanium
aluminides are intermetallics offering improved per-
formance for hypersonic vehicles over conventional
superalloys and titanium because of higher strengths
and lower densities. In addition to high strength
and low density, materials for hypersonic applica-
tions must be resistant to the dynamic oxidation re-
sulting from forced flowing air of hypersonic flight,
must radiate heat well (high emittance), and must
experience a minimum of heating from recombina-
tion of gaseous atoms at the surface (low catalytic
efficiency).

In a given hypersonic environment, the tempera-
ture of a vehicle surface is determined by the material
properties emittance and catalytic efficiency. The op-
timum values of emittance and catalysis are 1 and 0,
respectively. Calculations showing the variation in
surface temperature with emittance and catalytic ef-
ficiency are presented in figure 1. This represents a
modest environment for which the catalytic heating
effects are not severe, yet the surface temperature can
range from 800° to 1400°C. Under more severe con-
ditions the effect of catalytic heating is more critical
(ref. 1).

Some materials that may be very stable under
static conditions oxidize much more rapidly under
hypersonic conditions because of the atomic oxygen
environment and low atmospheric pressures where

sublimation and formation of gaseous oxides may
readily occur. For metallic materials the key to
durability is formation of an oxide layer that is
protective and that, if the metal is susceptible to
oxygen embrittlement, blocks the transport of oxygen
into the alloy. While oxygen embrittlement has not
yet been demonstrated for Ti-14Al-21Nb, it has for
a-titanium, which is closely related in chemistry and
crystal structure.

The purpose of this study was characterization
of Ti-14A1-21Nb performance under simulated hy-
personic conditions. Specimens were exposed to
simulated hypersonic flight (dynamic oxidation con-
ditions) for 1 to 16 half-hour cycles at a surface
temperature of 982°C. Analyses of heating rates were
used to determine catalytic efficiency. Oxide compo-
sition and oxygen diffusion into the metal were ob-
served with X-ray diffraction. Room temperature
reflectance measurements were made to determine
emittance. X-ray diffraction was performed on spec-
imens exposed under static conditions to determine
diffusion coeflicients for oxygen in the alloy.

Experimental and Analytical Procedures

Test Specimens

The specimens were disks punched from 1-mm-
thick sheet (the alloy composition is given in ta-
ble I). The disks were 25 mm in diameter with three
equally spaced 5- x 5-mm radial projections used for
mounting.

Exposure of Specimens

Specimens were exposed to simulated hypersonic
flight conditions in the hypersonic materials envi-
ronmental test system (HYMETS) at the Lang-
ley Research Center (ref. 2). The HYMETS is a
100-kW constrictor-arc-heated wind tunnel that uses
air mixed with nitrogen and oxygen in ratios equiv-
alent to air (see fig. 2). Specimens were mounted
on a stagnation model adapter attached to an inser-
tion sting. A separate sting contained a water-cooled
probe that measured the catalytic cold-wall heating
rate and the surface pressure. The specimen temper-
ature was monitored with a thermocouple (type R,
attached at the center of the back surface).

The range of test conditions available in the
HYMETS (table II) do not fully simulate hypersonic
flight; however, the heating rate with high velocity
air is the most critical response parameter, and the
range of heating rate includes the levels encountered
by a significant portion of a vehicle in hypersonic



flight. Chemical equilibrium calculations for the test
conditions used in the present study indicate that
oxygen in the test stream was almost fully dissociated
(>95 percent) and nitrogen ounly slightly dissociated
(<5 percent) (ref. 3).

Specimens were exposed to 1 to 16 half-hour
cycles at 982°C. In each cycle, the specimen was first
exposed to a reference test condition (table III), and
its temperature history was recorded for the interval
from ambient to about 75°C. The test condition
was then adjusted to achieve a specimen surface
temperature of 982°C for the balance of the cycle.

Emittance Study

Room temperature spectral reflectance measure-
ments were made on specimens over the wavelength
range of 1.5 to 25 pm using a Gier Dunkle Model
HCDR 3 heated-cavity reflectometer (ref. 4).

The spectral radiant exitance of a blackbody is
dependent on wavelength and temperature and is
given by Planck’s radiation function (ref. 5):

c1 AT

My = explea/(AT)] — 1

(1)

Spectral emittance of a non-blackbody is the ratio of
the spectral radiant exitance of the non-blackbody to
the spectral radiant exitance of a blackbody. Spec-
tral emittance is related to spectral reflectance by
Kirchoff's Law (emittance equals absorptance at
equivalent temperatures) and the relationship that
absorptance equals unity minus reflectance (ref. 5),
thus

ex=1-py (2)

The total emittance of a non-blackbody is defined by
the equation (ref. 5)

_ Jo~ exMydA )
T= T[N M, da (3)

The spectral emittance of most materials is in-
dependent of temperature when there are no signifi-
cant changes in atomic structure. For a surface with
no dependence of spectral emittance on temperature,
the total emittance for any temperature can be calcu-
lated from spectral emittance data measured at an-
other temperature by applying equation (3) with M,
evaluated at the desired temperature.

Catalysis Study

The catalytic efficiency v is defined as the fraction
of atoms striking a surface that recombine. Catalytic
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efficiencies for surfaces can be determined from anal-
ysis of carefully measured aerothermal heating rates
(refs. 1, 6, 7, and 8).

For conditions of aerothermal heat transfer to a
surface with insulation at the back side, the heat
transfer is described by

dT
Qaero = /’m(TmLmE + Grad + deond (4)
According to Goulard (ref. 1), the aerodynamic
heating of a surface with a finite catalytic efficiency
is given by

93]
~—

Gaero = 4e + 4D (/’7 (

where the convection heating is given by

e = ().470*2/3(113,» —hpea) V2815 Pse (6)

and the potential heating due to recombination of
gaseous atoms at the surface is given by

qp = 0.475(',_2/311,17(:(.\/Q/ius,,pm, (7)

The realized fraction of the potential heating due
to recombination of gaseous atoms at the surface is
given by

1
$y = oY (8)
K - 0.475~23 /3310 pae BT
YPwV 271']\[_4
and. hence, the catalytic activity is given by
0478723\ /2Bty pae RTow ©)

The radiant energy is given by the Stefan-
Boltzmann equation:

Grad = (T”T4 (10)

The conduction to the insulator is given by

. oT
Geond = ’—I\('D—; (11)
where ,
oT 3] oT
PIANINICAN [ A Y 12
PeCe e T or ( (').1-> (12)

For a brief time after inserting the specimen into the
flow streain. the insulator can be treated as infinitely
thick, and K, as constant. Solving equation (12)



by using the method of Laplace transforms and the
semi-infinite boundary condition gives

2 oT
Acond = "ﬁ \/PCCCKC(T - TO)E (13)

At steady state conditions, 07/t is zero, and inte-
grating equation (12) yields

1 Trront
Qcond = _L— K.dT (14)
¢ JThack

Diffusion Study

Very precise diffusion profile information can be
determined by analysis of line broadening of diffrac-
tion spectra. To perform such an analysis it is
necessary to isolate the compositional broadening
component from the instrumental and sample-defect
components. The spectra of a specimen that has no
diffusion gradients is used to simultaneously deter-
mine the instrumental and sample-defect broadening.
The compositional broadening is then extracted from
the spectra of specimens that have diffusion gradients
by solving (refs. 9 and 10):

_ U2n) + (_l)mnszm =0

(15)
where ¢ * f is the convolution of the f and g spectra,
and the diffusion profile is given by (refs. 11 and 12)

gef = s + (=1)"my(f*"

A0 fdé
=3 /60 5Q(P — 0) (16)
where
6 l
_ I3 148
\IJ_Q/%Q 1+ (u6) dm/O udf]fdé (17)

and composition is determined from the d-spacing by
assuming that the lattice dilation of Ti-14A1-21Nb
with dissolved oxygen content is the same as that of
a-titanium (ref. 13).

Diffusion coeflicients can be calculated from the
profiles by using the relation

Co 2
/ 18(C))] dC} (18)

D= LQ {

which assumes that the diffusion coefficient is inde-
pendent of composition.

Results and Discussion

Dynamic Oxidation

Dynamic oxidation was marked by formation of
an oxide layer, spalling of the oxide layer, and diffu-
sion of oxygen into the metal. On some specimens
spalling occurred during the first half-hour exposure
cycle, which indicates that its cause was more likely
the atomic oxygen environment or the low pressures
than the thermal cycling. The oxide (see fig. 3)
was composed of three layers having similar composi-
tions: the top layer was white; the middle, grey; and
the bottom, black. The white and grey layers were
loosely adherent and readily spalled, but the black
layer remained very adherent and never spalled.

Microstructure

The figure 4 micrographs show the changes that
occurred during dynamic oxidation exposure. Before
any exposure the microstructure was fine grained
and, in X-ray diffraction (XRD) patterns, showed a
(001) preferred orientation. After 8 hr of exposure,
substantial changes in the microstructure occurred:
an oxide layer formed, a portion of which is visible at
the top of the micrograph; a new phase formed at the
metal-oxide interface, which was identified by XRD
and energy dispersive spectroscopy (EDS) as TiAl;
a single-phase case developed below the TiAl; the
base alloy recrystallized; and grain growth occurred
in the base alloy. Comparing the micrograph of the
sample after 8 hr exposure with micrographs for less
exposure times showed the depth of the single-phase

time.

Diffraction Analysis

Analysis by XRD of the base alloy showed
one structure, but with some peak splitting and
some superlattice peaks. The structure was iso-
morphous with a-titanium, which is of the space
group P63/mmec with all the atoms occupying the
6m2 lattice sites. The peak splitting was prob-
ably related to the two-phase appearance of the
microstructure, indicating that both phases were
similar in structure and lattice parameters. At least
one of the phases produced superlattice peaks. Based
on extinctions (missing peaks) and peak intensities,
the superlattice was identified as an a’ = 2a,b’ = 2b
superlattice of the space group P63/mmec with the
aluminum atoms preferentially occupying the 6m?2
lattice sites, and the titanium and niobium atoms
randomly occupying the mm2 lattice sites.

The oxide of the dynamically exposed speci-
mens was predominantly TiOp, with AlpOg3 and TiN
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present in lesser quantities, and in specimens with
4 hr or more exposure a trace of Ti3Og was present.
In figure 5 the composition of the oxide is shown for
exposure times up to 8 hr. The compositions were de-
termined from peak heights in the diffraction spectra,
and. considering the assumptions used, the compo-
sitions are probably not more accurate than 5 atom
percent.

Oxygen Diffusion

Compositional broadening of the (00¢)-type peaks
was very pronounced after as little as 2.5 min at
982°C, indicating diffusion of oxygen into the base
alloy. Composition-depth profiles were calculated
from the compositional broadening by assuming that
the lattice dilation with oxygen content was the
same for this alloy as for a-titanium. The solu-
bility limit of oxygen in Ti-14Al1-21Nb appeared to
be 12.5 atom percent. In figure 6 the diffusion co-
efficients are plotted against inverse temperature.

The diffusion coeflicient for oxygen in Ti-14A1-21Nb

. U 12 faone o —45090 cal/mole-K
was 0.0234 cm?/sec (,xp( RT/

704°C and 982°C.

) between

Emittance

The spectral emittance of Ti-14A1-21Nb after var-
jous exposures is shown in figure 7; data for oxidized
c-titanium is included to demonstrate the expected
spectral emittance of a titanium alloy. The spectral
emittance of Ti-14AL21Nb with no oxidation (0 hr
exposure) is typical of the spectral emittances of un-
oxidized metallic surfaces. The spectral emittance of
oxidized c-titanium shows the effect of a thin TiO9
layer on a metallic surface. The spectral emittances
of Ti-14Al-2INb after 0.5 and 1 hr exposures are
much higher than for the unoxidized alloy. Know-
ing that TiO9 is the predominant oxide that forms
on Ti-14AL-21Nb. that TiN is present to some extent
in oxidized Ti-14Al-2INb and oxidized c-titaninm,
and that AlyOs (present in very small quantities in
the oxide of Ti-14Al1-21Nb) has a low emittance
the high spectral emittances of Ti-14A1-21Nb with
0.5 and 1 hr exposures are unexpected.

The spectral emittance of Ti-14A1-21Nb was high
for all exposure times greater than 0 hr. Spalling
of the oxide seemed to have no effect. When the
top two, loosely adherent oxide layers were removed
from a specimen that had 8 hr of exposure, the spec-
tral emittance increased slightly, indicating that the
bottom oxide layer was the source of the high emit-
tance. Pieces of the bottom oxide layer were exam-
ined with a transmission electron microscope (TEM)
equipped with EDS. When the electron beamn illu-
minated a large number of crystals, titanium and

4

niobium were seen (the EDS device was not capa-
ble of detecting oxygen). When the electron beam
was focused to a convergent beam and centered in
the middle of any well-defined crystal. only titanium
was seen, indicating that the niobium was not dis-
solved in the TiOy. By moving the convergent beam
around. the niobium was located in small particles
(60-360 A in diameter) at the edges of large TiOg
crystals. The particles did not diffract, so no oxida-
tion or phase information could be obtained. Because
these were the only compositional or morphological
anomalies observed, the high spectral emittance of
Ti-14A1-2INb was attributed to these niobium-rich
particles.

In table IV the total normal emittances of
Ti-14A1-2INb and several other candidate metallic
heat shield alloys are presented together. The total
normal emittance of Ti-14A1-21Nb is much greater
than MA 956 and coated MA 956, and comparable
to Inconel 617.

Catalytic Efficiency

Shown in figure 8 are the room temperature cat-
alytic efficiencies of Ti-14A1-21Nb and several other
alloys; the catalytic efficiencies were determined from
measurements of the heating rates of the different
materials at a reference test condition. The curve
for aerothermal heating as a function of catalytic ef-
ficiency is based on Goulard’s solution to the stag-
nation point laminar boundary layer equations and
was used to calculate catalytic efliciencies from heat-
ing rates (ref. 1). Silver, which has a high cat-
alytic efficiency and is well documented (y = 0.25)
(ref. 13), was used as the reference material for char-
acterizing the HYMETS test environment. The ob-
served catalytic efficiency of MA 956 was signifi-
cantly less than the catalytic efficiency of silver, and
the observed catalytic efficiencies of Inconel 617 and
Ti-14A1-21Nb were higher than that of MA 956. Un-
der dynamic oxidation conditions, MA 956 and In-
conel 617 formed oxides that were predominantly
AlpO3 and NiO, respectively (ref. 14). A significantly
lower catalytic efficiency was measured on coated
MA 956; the coating was a boro-alumino-silicate de-
posited by chemical vapor deposition and was de-
signed to have a low catalytic efficiency (ref. 3). The
lowest catalytic efficiency obtained was for polished
Ti-14A1-21Nb, which was one-fifth that of coated
MA 956.

The catalytic efliciency of Ti-14Al-21Nb on initial
exposure to hypersonic test conditions (unoxidized
alloy) was significantly lower than for subsequent ex-
posures where the specimen had developed a heavily
oxidized surface.




In table V are the high-temperature catalytic ef-
ficiencies for Ti-14A1-21Nb and several other alloys.
These data are not plotted on a curve similar to that
in figure 8 because the HYMETS test environment
varied with specimens as their catalytic efficiencies
and emittances varied. The HYMETS operating con-
ditions were adjusted to produce a surface tempera-
ture of 982°C. All the alloys represented in this figure
were represented in the previous figure. All the al-
loys have catalytic efficiencies similar to their room
temperature catalytic efficiencies. A large difference
was observed for Ti-14Al1-21Nb: its high-temperature
catalytic efficiency was nearly that of Inconel 617.

Concluding Remarks

The alloy Ti-14Al-21Nb is highly susceptible to
dynamic oxidation, has a high emittance after ox-
idation, and is fully catalytic to recombination of
atomic oxygen under dynamic oxidation conditions
at 982°C. Because of its poor oxidation resistance
and high catalytic efficiency, use of Ti-14A1-21Nb in
certain hypersonic applications will require that it be
coated with oxidation barriers and thermal control
coatings.

The oxide formed during dynamic oxidation was
composed of several layers and spalled during the first
half-hour exposure cycle. The phases formed were
TiOg, Al;O3, TiN, and Ti30s.

Oxygen diffused rapidly into the alloy. The
solubility limit of oxygen in the alloy appeared
to be 12.5 atom percent and the diffusion coefhi-
cient for oxygen in the alloy was 0.0234 cm?/sec

exp(—45 090 ?%/mOle_K) between 704°C and 982°C.
The emittance of Ti1-14Al-21Nb was about 0.3
before oxidation and about 0.85 after oxidation. The

high emittance of the oxidized alloy was attributed
to niobium-rich particles found in the oxide.

NASA Langley Research Center
Hampton, VA 23665-5225
September 18, 1989
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Table I. Chemical Analysis of Ti-14A1-21Nb

Chermical analysis

Element Weight percent
Al 14.57
\Y% 13
Fe 11
O 110
C 01
N 010
H 00267
Nb 19.93
Other <.10
Other total <.40
Ti Remainder

Table I1. Range of Conditions for HYMETS Exposure

Specimen surface temperature, °C

Surface pressure, Pa
Free-stream Mach number
Free-stream enthalpy. MJ/kg

Catalytic hot-wall heating rate, kW /sq m

Table T11. Reference Conditions for Cold-Wall Catalytic

Efficiency Determination

Catalytic cold-wall heating rate, kW /m?

Free-stream enthalpy, MJ/kg
Free-stream pressure, Pa
Free-stream Mach number
Surface pressure, Pa

982
530 650
3.0 3.8

5.30 7.50

200 290

408
9.5
65
3.8
710



Table IV. Total Near-Normal Emittances for Selected Candidate
Metallic Heat Shield Alloys and Coatings

Total near-normal

Alloy or coating emittance
Ti-14A1-21Nb 0.88
Inconel 617 .84
MA 956 67
Coated MA 956 .64

Table V. Catalytic Efficiencies for Selected Candidate
Metallic Heat Shield Alloys aud Coatings

Catalytic
Alloy or coating efficiency
Ti-14A1-21Nb 0.07
Inconel 617 .083
MA 956 026
RCG (Shuttle tile coating) .043

Coated MA 956

013
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Figure 1. The combined effect of emittance and catalytic efficiency on steady state temperature.

hge = 7.2 MJ/kg: Ty, = 2995°C; pye = 5.4 X 1073 atm; oxygen: 95 percent dissociated: nitrogen: 0 percent
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Figure 2. Schematic diagram of the HYMETS facility.




Figure 3. Oxide spalling on a Ti-14Al-21Nb specimen after 8 hr of dynamic exposure at 982°C.

30 ym
(a) Before exposure. (b) After 8 hr of dynamic exposure at 982°C.

Figure 4. Cross-sectional micrographs of a Ti-14Al-21Nb specimen.
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Figure 5. Composition of the oxide scale of Ti-14A1-21Nb specimens after dynamic exposure at 982°C.
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Figure 7. Spectral emittances of Ti-14Al-21Nb specimens after dynamic exposure at 982°C, and the spectral
emittance of oxidized a-titanium.
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